transport across the cardiac sarcolemmal membrane is of paramount importance in controlling cell contractile and metabolic activities. Functional experiments with intact cardiac muscle have implicated an important role for a Na'-Ca2' countertransport system as a determinant of transsarcolemmal Ca2+ flux (6, 7). Recently it has become possible to directly measure Na'-Ca2' exchange activity in isolated cardiac sarcolemmal vesicles (13) . By manipulation of intra-and extravesicular Na' and Ca"' concentrations several interesting properties of this highly active transport system have been described. Na'-Ca2' exchange is electrogenic (3, 10, 14) in a manner suggesting the exchange of three or more Na+ for each Ca2'. This may have important functional consequences concerning the cardiac action potential, transsarcolemmal Ca"' movement, and the contractile response. Na'-Ca2' exchange is reversible (1, 11) and has a marked dependence on pH (9). Using a unique approach we have recently described the characteristics of Na+-Ca2+ exchange in inside-out cardiac sarcolemmal vesicles (12) . In the present report we describe a novel way to stimulate Na'-Ca"' exchange. Mild pretreatment with a variety of proteinases increases the activity of and changes the properties of Na'-Ca2' exchange in cardiac sarcolemmal vesicles. The responses may be useful in understanding the molecular mechanism and regulation involved in Na'-Ca"' exchange.
METHODS
Sarcolemmal preparation. Highly purified sarcolemmal vesicles were prepared from dog ventricles and characterized as described previously (g-12) . The activity of the sarcolemma used in the experiments reported here was Na+-K+-ATPase, 36.2 t 2.3 pmol inorganic phosphate (Pi) l mg protein-'. h-'; Na'-K'-ATPase after stimulation by alamethicin (12.5 pg/ml, donated by Dr. J. E. Grady, Upjohn), 105.0 t 7.2 pmol Pi*mg protein-' l h-'; K+-p-nitrophenylphosphatase (K'-p-NPPase), 21.8 t 1.8 pmol p-nitrophenolmg protein-' l h-'. The purification factors (obtained by dividing sarcolemmal fraction enzyme sp act by crude homogenate sp act) for Na'-K'-ATPase and K'-pNPPase were 40.8 t 10.4 and 62.8 t 7.6, respectively (n = 5 for all the above values).
Na+-Ca2+ exchange. Our techniques for measuring Na'-Ca2' exchange have been described in detail previously (9-12). In this study NaT-dependent Ca2' influx was measured by diluting 0.005 ml of sarcolemmal vesicles [preloaded with 140 mM NaCl, 5 mM tris(hydroxymethyl)aminomethane (Tris) maleate, pH 7.4, 37"C] into 0.250 ml of Ca"' uptake medium containing 140 niM KCl, 40CaC12 as specified, 0.3 ,&i 4"CaC12, 0.4 PM valinomycin, 5 mM Tris maleate (pH 7.4, 37°C). After 1.5 s, the Ca2' uptake reaction was stopped by the automatic addition (9) of 0.03 ml of 140 mM KCI, 5 mM LaCla; 0.22 ml of the reaction mixture were then applied to a Millipore filter (0.45 pm) under suction, and the filter was washed with two aliquots of 3 ml 140 mM KCl, 1 tained by using a protocol identical with that just described except that the Ca2' uptake medium contained 140 mM NaCl instead of KCI. The blank was used to correct for superficial Ca2' binding and NaT-independent Ca2' uptake. The blank values were always less than 10% of the total Ca2' uptake. All operations were carried out at 37OC.
Proteinase treatment. In most cases, 0.020 ml of sarcolemma (-3 mg/mI) were pretreated at 37OC for 20 min with 0.002 ml of proteinase dissolved in 140 mM NaCl. The proteinases and their activities were trypsin [Calbiochem 6501, 3, 330 NF units/mg (1 NF unit = 0.036 IU)], chymotrypsin (Sigma C3142, 1,300 NF units/mg), pronase P (Sigma P5130, 4.4 U/mg), papain (Sigma P3125, 22 U/mg), and ficin (Sigma F4125, 1.7 U/mg). Soybean trypsin inhibitor was from Sigma (T9003). Immediately following the incubation period the vesicles were used directly in Na+-Ca2' exchange experiments.
Data are expressed as means t SE.
RESULTS
We emphasize that in all Na'-Ca2' exchange experiments we specifically measure only Ca2+ fluxes induced by the presence of Na' on the opposite side of the sarcolemmal membrane. In most experiments reported here, Na+-Ca" exchange is measured as the initial rate of NaT-dependent Ca2' influx measured over a 1.5-s reaction time. For all data points appropriate blanks correct for superficially bound Ca2' and for NaT-independent Ca2' uptake.
The responses of NaT-dependent Ca2' influx (Na'-Ca2' exchange) and Na'-K'-ATPase to different doses of chymotrypsin pretreatment are shown in Fig. 1 . Stimulation of Na'-Ca2' exchange is maximal when the ratio of sarcolemmal protein to chymotrypsin is about 70/l (pretreatment with 1.0 chymotrypsin NF unit). Significant stimulation of Na'-Ca2' exchange is observed even when this ratio is as high as 7,000/l.
In contrast, we were unable to observe stimulation of another sarcolemmal transport enzyme, Na'-K'-ATPase, with any protocol of chymotrypsin pretreatment or variation in the conditions of the Na'-K'-ATPase reaction. No stimulation of Na'-K'-ATPase activity by chymotrypsin was observed when [ATP] was reduced from 2.4 to 0.2 mM or when [Na'] was reduced from 25 to 4.0 mM. Pretreatment of cardiac sarcolemma with chymotrypsin inhibited K'-pNPPase in a manner paralIe1 to inhibition of Na'-K+-ATPase (data not shown). Table 1 demonstrates how pretreatment of sarcolemmal vesicles with a variety of proteinases resulted in stimulation of NaT-dependent Ca2' influx. These data were gathered from several separate experiments and are not meant to represent the relative potency of the different proteinases. In addition, full-dose response curves (e.g., Fig. 1 ) were not obtained for each of these proteinases and so they are not necessarily being used at their optimal concentration. The point is that the effects described in most detail using chymotrypsin apply to other proteinases as well. As shown, the stimulatory effect of trypsin pretreatment is inhibited by soybean trypsin inhibitor. The action of chymotrypsin is likewise in- hibited by the trypsin inhibitor (not shown). This demonstrates that the enhancement of Na'-Ca" exchange is due to a proteolytic action of the proteinases and not due to some contaminating factor. No effect of pretreatment with the lysosomal proteinase cathepsin D (used at pH 6), nor of the exopeptidases, carboxypeptidase A and B (used alone or in combination) on Na'-Ca2' exchange was observed. The data in Table 1 were obtained at a Ca2' concentration of 10 PM in the Ca"' uptake medium. As described below even larger stimulations can be obtained at lower Ca"' levels. In these and in all experiments NaT-dependent Ca2' influx was measured in a Ca2' uptake medium containing 140 mM KC1 and 0.4 PM valinomycin. Proteinase pretreatment of sarcolemmal vesicles also stimulated Na'-Ca" exchange measured in Ca2+-uptake media containing 140 mM KC1 without valinomycin, 140 mM choline chloride, or 280 mM sucrose. The dependence of Na'-Ca"' exchange on [Ca"'] is shown in Fig. 2A for control and chymotrypsin-pretreated sarcolemmal vesicles. The stimulation of Ca2' uptake induced by proteinase treatment is most evident at low [Ca"'] . An Eadie-Hofstee plot (Fig. 2B) shows that the affinity for Ca2' of the Na'-Ca2' exchange mechanism is markedly increased after the chymotrypsin pretreatment.
In three experiments the &, for Ca2' decreased from 22.2 t 2.3 to 8.1 t 0.3 PM, whereas the Vmax increased only slightly from 15.1 t 3.6 to 18.9 t 5.2 nmol Ca"' . mg protein-' l s-l. Similar results were obtained using trypsin.
The solutions used in these experiments contain -2 PM Ca2' contamination (determined with a Ca"+-sensitive electrode). As we did not correct for this endogenous Ca2', the actual Km values may be lower by a few PM.
Chymotrypsin pretreatment altered the response of sarcolemmal Na'-Ca2' exchange to two inhibitors. As shown in Table 2 , Na'-Ca2' exchange is much less susceptible to inhibition by polymyxin B and chlorpromazine after exposure to the proteinase.
In contrast, the percent inhibition of Na'-Ca2' exchange by palmitylcarnitine (30 PM) was not affected by chymotrypsin pretreatment.
We have developed a technique for measuring Na+-Ca2' exchange in inside-out cardiac sarcolemmal vesicles (12). This involves initially loading vesicles with Na+ by ATP-dependent Na+ pumping (which will occur only in inside-out vesicles because of the asymmetric nature of the active Na' pump) rather than by passive diffusion. ponent of intravesicular Na' can only be due to Na'-Ca2' exchange in the subpopulation of inside-out sarcolemmal vesicles. Using this approach (as described in detail in Ref. 12) we found that the Na'-Ca"' exchange (at [Ca"'] = 10 PM) of inside-out vesicles could be stimulated 99.3 t 18.7% by mild chymotrypsin pretreatment (sarcolemmal protein/chymotrypsin = 800/l). As these data depend on the integrity of the ATP-dependent Na' pump to preload the vesicles with Na+, this experiment is complicated by possible inhibition by chymotrypsin pretreatment of active Na' pumping (mediated by the Na+-K'-ATPase) (see Fig. 1 ). All of the above experiments measured the effects of proteinases on NaT-dependent Ca2' influx. We have also determined the effect of chymotrypsin pretreatment on Naz-dependent Ca2' efflux (Table 3 ). Cardiac sarcolem- Data are expressed as percent of intravesicular Ca2' content lost compared with the Ca" content of vesicles allowed to efflux in Na'-free medium (actual [Na'] in Na+-free medium was 0.4 mM) (n = 5). Vesicles (0.003 ml) were first loaded with labeled Ca2' via Na'-Ca2' exchange by dilution into 0.250 ml of 140 mM KC1 (or NaCl for blanks), 10 ,uM labeled Ca2'. After a 2-min loading period, 0.250 ml of 140 mM KCl, 1 mM EGTA, t, 20 NF units of chymotrypsin are added for 1 min. Then 0.500 ml of Ca2' efflux medium containing 140 mM KC1 containing 0, 4, or 16 mM NaCl (to give final [Na'] as indicated) were added, and the mixture was filtered after a 1-min efflux period. All solutions contained 5 mM Tris maleate (pH 7.4, 37°C).
ma1 vesicles were first loaded with Ca'+ by Na+-Ca'+ exchange and then exposed to chymotrypsin (using a larger quantity of chymotrypsin for a shorter time than in the above experiments) prior to efflux assays. As shown in Table 3 , chymotrypsin treatment of vesicles accelerated the Naz-dependent component of Ca2' efflux. The stimulation was 80% at 2 mM Na' and 27% at 8 mM Na+. The chymotrypsin treatment had no effect on passive Ca2+ efflux (efflux in the absence of added external Na') (not shown). We have presented detailed characteristics of sarcolemmal Ca"' efflux elsewhere (11).
In two experiments we determined the amount of protein that was being removed from the vesicles by proteinase treatment. This was measured as the percent of the sarcolemmal protein that could not be pelleted by centrifugation after incubation with chymotrypsin. Exposure to chymotrypsin at sarcolemma-to-chymotrypsin ratios of 800/l and 400/l solubilized 5.0 and 9.7% of the sarcolemmal protein, respectively. Thin-section electron microscopy (performed by Dr. J. S. Frank) revealed no apparent alteration of vesicle appearance or size distribution by chymotrypsin treatment.
DISCUSSION
We have found that the Na'-Ca"' exchange activity in a highly enriched preparation of cardiac sarcolemmal vesicles is stimulated by proteinase pretreatment. The stimulation can be evoked by proteinases of both the serine (trypsin, chymotrypsin, pronase P) and thiol (papain, ficin) classes (Table 1) . After proteinase treatment, the exchange mechanism has altered properties. The affinity for Ca2+ is markedly increased [K, (Ca"') decreases -3-fold] while Vmax increases only about 25%. This suggests a modification of existing exchange units, rather than a recruitment of latent exchange units.
The reverse mode of Na'-Ca2' exchange, Naz-dependent Ca2' efflux, is also accelerated by proteinase treatment (Table 3) . Passive Ca2' permeability (Na+-independent Ca2' flux) appears unaltered. The proteinase pretreatment of vesicles also results in Na'-Ca2' exchange being less sensitive to certain inhibitors (Table  2) . Although the inhibitory mechanism of these agents is unknown, the data demonstrate the altered state of the exchanger. Other sarcolemmal enzymatic activities (Na'-K'-ATPase, K'-pNPPase) were only inhibited by proteinase pretreatment.
As described above, we find that proteinase pretreatment can stimulate the Na'-Ca"' exchange activity of inside-out sarcolemmal vesicles. The technique for determining this relies on the glycoside-sensitive, ATP-dependent Na' pump to load the inside-out vesicles with Na' prior to initiation of Na'-Ca" exchange (12). As proteinase pretreatment inhibits Na'-K'-ATPase activity (Fig. l) , it is expected that ATP-dependent Na' pumping will be diminished. NaT-dependent Ca" influx is dependent on the intravesicular [Na']. Thus, when we measure the Na'-Ca"' exchange of inside-out vesicles, the net stimulation after chymotrypsin pretreatment represents a balance between partial Na' pump inhibition and Na'-Ca2' exchange stimulation. These considerations, plus uncertainties about the relative amounts of inside-and right-side-out vesicles (12) make conclusions concerning the sites of action of the proteinases difficult. We are able to state with certainty that the Na'-Ca" exchan 4F of inside-ou t vesicles can be stimulated action of proteinases on the cytoplasmic surface bY of the the membrane. However, we are unable to determine whether the Na'-Ca"' exchange of right-side-out vesicles in our preparation is also stimulated.
There are several mechanisms by which proteinases could stimulate Na+-Ca2+ exchange. One possibility is that an alteration of the specific protein(s) involved in Na'-Ca2' exchange is occurring. Precedents for this are the stimulation of bacterial ATPases (2)) phosphorylase b kinase (5), phosphodiesterase I (4), myosin light chain kinase (15)) and red blood cell Ca2'-Mg2'-ATPase (8) by trypsin. It is notable that the last four of these enzymes can be stimulated by calmodulin. [We have been unable .modulin protein-.l to alter sarcolemmal Na'-Ca" + exchange with ca (unpublished observation) .] Alternatively, the ases could be removing proteins adhering to the membrane, providing greater accessibility for Na' and Ca2'. If this were the case stimulation of Na'-K'-ATPase might also be expected; this was not observed. It would be interesting to see if this effect could be reproduced in a more intact system that demonstrates Na'-Ca2' exchange such as the perfused squid giant axon. It is notable that a wide range of & values for Ca"' (1.5-40 ,uM) have been reported for Na'-Ca"' exchange in sarcolemmal vesicles (3, 10, 12, 13, 17) . Possibly limited proteolysis occurs during some membrane preparation procedures resulting in a lowered Km (Ca"'). Alternatively, extraneous protein (removable by proteinase treatment) may become associated with the membrane during some isolation procedures.
Finally, we may ask whether the relationship between Na'-Ca2' exchange and proteinases has any physiological significance. It is difficult to ascribe a regulatory role to this mechanism. It can be speculated that under pathological conditions, when intracellular [ Ca"'] rises, cardiac Ca2+-dependent proteinases (16, 18) become activated. 
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This may result in Na'-Ca2' exchange stimulation to assistance.
help restore the normal intracellular milieu.
